The treatment outcomes of patients with high-risk localized prostate cancer (PC) after carbon-ion radiotherapy (CIRT) combined with long-term androgen deprivation therapy (LTADT) were analyzed, and compared with those of other treatment modalities, focusing on PC-specific mortality (PCSM). A total of 1247 patients were enrolled in three phase II clinical trials of fixed-dose CIRT between 2000 and 2013. Excluding patients with T4 disease, 608 patients with high-risk or very-high-risk PC, according to the National Comprehensive Cancer Network classification system, who received CIRT with LTADT were evaluated. The median follow-up time was 88.4 months, and the 5-/10-year PCSM rates were 1.5%/4.3%, respectively. T3b disease, Gleason score of 9-10 and percentage of positive biopsy cores >75% were associated with significantly higher PCSM on univariate and multivariate analyses. The 10-year PCSM rates of patients having all three (n = 16), two (n = 74) or one of these risk factors (n = 217) were 27.1, 11.6 and 5.7%, respectively. Of the 301 patients with none of these factors, only 1 PCSM occurred over the 10-year follow-up (10-year PCSM rate, 0.3%), and significant differences were observed among the four stratified groups (P <0.001). CIRT combined with LTADT yielded relatively favorable treatment outcomes in patients with high-risk PC and very favorable results in patients without any of the three abovementioned factors for PCSM. Because a significant difference in PCSM among the high-risk PC patient groups was observed, new categorization and treatment intensity adjustment may be required for high-risk PC patients treated with CIRT. R adical treatments for patients with localized high-risk prostate cancer (PC) include radical prostatectomy (RP) or radiotherapy (RT).
The treatment outcomes of patients with high-risk localized prostate cancer (PC) after carbon-ion radiotherapy (CIRT) combined with long-term androgen deprivation therapy (LTADT) were analyzed, and compared with those of other treatment modalities, focusing on PC-specific mortality (PCSM). A total of 1247 patients were enrolled in three phase II clinical trials of fixed-dose CIRT between 2000 and 2013. Excluding patients with T4 disease, 608 patients with high-risk or very-high-risk PC, according to the National Comprehensive Cancer Network classification system, who received CIRT with LTADT were evaluated. The median follow-up time was 88.4 months, and the 5-/10-year PCSM rates were 1.5%/4.3%, respectively. T3b disease, Gleason score of 9-10 and percentage of positive biopsy cores >75% were associated with significantly higher PCSM on univariate and multivariate analyses. The 10-year PCSM rates of patients having all three (n = 16), two (n = 74) or one of these risk factors (n = 217) were 27.1, 11.6 and 5.7%, respectively. Of the 301 patients with none of these factors, only 1 PCSM occurred over the 10-year follow-up (10-year PCSM rate, 0.3%), and significant differences were observed among the four stratified groups (P <0.001). CIRT combined with LTADT yielded relatively favorable treatment outcomes in patients with high-risk PC and very favorable results in patients without any of the three abovementioned factors for PCSM. Because a significant difference in PCSM among the high-risk PC patient groups was observed, new categorization and treatment intensity adjustment may be required for high-risk PC patients treated with CIRT. R adical treatments for patients with localized high-risk prostate cancer (PC) include radical prostatectomy (RP) or radiotherapy (RT). (1, 2) In an X-ray external beam RT (EBRT) series, several recent reports revealed that addition of androgen deprivation therapy (ADT), especially long-term ADT (LTADT), has contributed to an improvement in the survival of patients with high-risk PC. (3) (4) (5) However, no prospective study has reported an improvement in survival after dose escalation to the target volume, although this was recently conveyed in one retrospective study. (6) In contrast, favorable treatment outcomes after RP have been demonstrated, (7) (8) (9) (10) (11) and the superiority of RP compared with EBRT, including intensity modulated RT (IMRT) with or without ADT, has been suggested by several authors. (12) (13) (14) (15) (16) In addition, high-dose or low-dose-rate brachytherapy combined with EBRT plus ADT is sometimes selected for patients with high-risk PC. (17, 18) However, to the best of our knowledge, the best treatment for high-risk PC is still unknown, because no adequate comparisons of treatment modalities for high-risk PC have been performed.
The National Institute of Radiological Science (NIRS) started carbon-ion RT (CIRT) for localized PC in 1995. After two phase I/II dose-escalation clinical trials, (19) (20) (21) (22) (23) For high-risk PC, a dose of over 80 Gy was prescribed and delivered in 2 Gy fractions, yielding an a/b ratio of 1.5-2.0 Gy. This enabled a relatively hypofractionated treatment of 16-20 total fractions. Both high-dose radiation and hypofractionation are generally considered biologically advantageous in treating high-risk PC.
LTADT was generally given for 2 years. However, few studies have been conducted on high-risk PC patients after CIRT combined with LTADT. We recently showed a significant impact of biochemical recurrence (BR) on mortality, especially PCspecific mortality (PCSM) with a high hazard ratio (HR), in the first two of the three phase II trials. (25) However, the study population of those trials included patients who received shortterm ADT for <6 months, and population size was limited; to overcome these limitations, the present study excluded patients with an ADT duration of <12 months and pooled the results from all three phase II trials.
The aims of the present study were to retrospectively analyze the treatment outcomes of more than 600 high-risk and very high-risk PC patients after CIRT combined with LTADT, and to identify factors considered unfavorable for PCSM, to help determine new treatment strategies for high-risk PC patients. (20) (21) (22) (23) In brief, eligible patients had biopsy-proven adenocarcinoma and T1-T3N0M0 disease. Patients with T4 disease did not meet the eligibility criteria for protocol 9904-9904(3), because they were considered a separate group who tend to have micrometastases, such as those of the lymph node and bone. The T stage, determined by a digital rectal examination (DRE), ultrasonography, pelvic computed tomography (CT), magnetic resonance imaging (MRI) and isotope bone scanning, was categorized according to the TNM Classification of Malignant Tumours, 7th edition. (26) Staging evaluation was determined by at least three specialists: a urologist, who performed DRE and transrectal ultrasonography; a radiologist, who performed CT, MRI and isotope bone scanning; and a radiation oncologist, who reconfirmed all data. The Gleason score (GS) and percentage of positive biopsy cores (PPC) were determined for all tumors by the central pathologist before starting treatment. The GS was evaluated according to the original Gleason grading system in protocols 9904 and 9904-(2) (27) and the 2005 International Society of Urological Pathology consensus conference in protocol 9904-(3). (28) Exclusion criteria were previous radiation therapy to the pelvis, a performance status of 3-4 and the presence of active double cancer. Furthermore, patients with previous PC treatments, other than ADT within the last 6 months, were excluded from the present study. All patients signed an informed consent form before initiating therapy, and the present study was approved by the National Institute of Radiological Sciences Ethics Committee of Human Clinical Research.
Materials and Methods

Between
The definition of a high-risk group at NIRS is modified from those of the standard risk classifications, including the National Comprehensive Cancer Network (NCCN) or D'Amico classification, (2, 29) as follows: T3a/b disease, GS ≥8, or prostate-specific antigen (PSA) level >20 ng/mL, which correspond to highrisk and very-high-risk disease (excluding T4 disease) according to the NCCN classification.
Androgen deprivation therapy consisted of medical (luteinizing hormone-releasing hormone analogue) or surgical castration with or without anti-androgen therapy. All patients received neoadjuvant and concomitant ADT for 2-6 months. In the present study, LTADT was defined as ADT, including adjuvant ADT, administered for more than 1 year.
The irradiation dose was expressed in Gy (RBE) (physical carbon ion dose [Gy] 9 RBE). (30) The RBE value for CIRT was estimated to be 3.0 at the distal part of the spread-out Bragg peak based on previous experience at NIRS. (31) For treatment planning, the clinical target volume (CTV) was defined as the whole prostate and the proximal third or half of the seminal vesicle (SV) for T1-T3a disease and as much of the SV as possible for T3b disease. The planning target volume (PTV) 1 was defined as the CTV plus 5-mm margins in the cranial, caudal and posterior directions and 10-mm margins in the right, left and anterior directions. The PTV 2 was created by adding 2-3-mm margins from the dorsal aspect of the CTV and was identical to the CTV in the cranial and caudal directions; PTV 2 was used for the latter half of the treatment course. Patients were examined once every 3 months for the first 5 years after CIRT and every 3-6 months thereafter. The follow-up interval was defined from the date of starting CIRT to the date of the last follow-up. Clinical records were collected in January 2017. BR was defined using the Phoenix definition. (32) PCSM was measured from the date of starting CIRT to that of death due to PC or the last day of follow-up. The rate of PCSM, accounting for non-PC-specific mortality (NPCM) as a competing event, was calculated according to Gray's test. (33) Late toxicity was evaluated according to the Common Terminology Criteria for Adverse Events, version 4.0. (34) T stage and the GS for PCSM were compared with the reference factors, T1-T2c disease and GS ≤7, respectively. To determine the optimal cutoff values for PSA and PPC at which the Youden index was maximized, (35) receiver operating characteristic (ROC) curves were used. As a result, the cutoff values for PSA and PPC for predicting PCSM were determined to be 30 ng/mL and 75%, respectively (Figs S1 and S2, respectively). ADT duration and age were used as continuous variables for the prognostic analyses. To evaluate factors associated with PCSM, Fine and Gray regression was performed, because NPCM was considered to be a competing risk. (36) Curves for PCSM were calculated according to Gray's test. The Mann-Whitney U-test was used to compare the median follow-up duration. Fisher's exact test was used to compare the proportions of patients. Differences were considered significant at a P-value <0.05. Gray's test, Fine and Gray regression, and ROC analyses were performed using EZR software. (37) All other calculations were performed using IBM SPSS Statistics 20 (IBM Japan, Tokyo, Japan).
Results
Patient characteristics. Of the 1247 patients treated in the three phase II studies (9904, 9904-(2) and 9904-(3)), a total of 608 patients with high-risk or very-high-risk PC according to the NCCN classification, treated with CIRT combined with LTADT, were evaluated in the present study. A flow chart of this study is shown in Figure 1 Table 1 summarizes the characteristics of the patients, tumors and treatments.
Treatment outcomes. Biochemical recurrence was observed in 97 patients by the end of follow-up, and salvage ADT (s-ADT) was performed in 90 of these patients, who had a median PSA level of 2.8 ng/mL (IQR; 2.2-4.4 ng/mL) at initiation of s-ADT. By the end of follow-up, the PCSM and NPCM cases numbered 19 (3.1%) and 74 (12.2%), respectively. Of the 74 NPCM cases, there were 11 cardiovascular disease-related deaths (4 acute myocardial infarctions, 3 acute cardiac failures and 4 brain infarctions). Of the remaining 63 deaths, 31 were attributed to other cancers, 11 to pneumonitis, 3 to aortic dissection, 2 to emphysema and liver failure, 1 each to renal failure, acute pancreatitis, pulmonary embolism, colon hemorrhage, death from natural causes or accidental death, and 8 to unknown causes. Of the 19 PCSM, first recurrence was observed in bone in 12, lung in 3, and a lymph node outside of the pelvis and within the pelvis in 2 each. The 5-/10-year rates of PCSM, accounting for NPCM as a competing risk, and overall mortality (PCSM and NPCM) adjusted by ADT duration were 1.5% (95% CI: 0.7-2.7)/4.3% (95% CI: 2.5-6.8) (Fig. 2) and 5.0% (95% CI: 3.5-7.0)/20.0% (95% CI: 16.0-24.7), respectively.
Prognostic analyses. Table 2 shows the HR for PCSM compared with the reference values. T3b disease, GS of 9-10 and PPC >75% were associated with a significantly higher PCSM on both univariate and multivariate analyses, and thus, these were defined as unfavorable factors. Although 57.6 Gy (RBE)/16 fractions was associated with a significantly lower PCSM on both univariate and multivariate analyses, a remarkable difference in the follow-up interval was observed between 66 Gy (RBE)/20 fractions (median 143.1 months; range, 13.3-198.1) and 57.6 Gy (RBE)/16 fractions (median 68.2 months; range 21.2-112.8) (P < 0.001). In contrast, the type or duration of ADT was not associated with PCSM after CIRT.
All 608 patients with high-risk PC were stratified into four groups according to the number of unfavorable factors present 11.3) and 0.3% (95% CI, 0.0-1.8)/0.3% (95% CI, 0.0-1.8), respectively, and significant differences were observed among the four groups (P <0.001). Adverse effects. Table 3 details the observed gastrointestinal (GI)/genitourinary (GU) adverse effects of grade (G) 2 or more severe, including the incidence rates and symptoms. The 5-/ 10-year cumulative incidence rates of GI G2 and GU G2-3 were 1.7% (95% CI, 0.9-3.1)/1.7% (95% CI, 0.9-3.1) and 6.2% (95% CI, 4.5-8.5)/11.7% (95% CI, 8.7-15.6), respectively. In addition, the rates of using anticoagulants or related drugs before CIRT for G2 rectal bleeding and G2-3 hematuria were significantly higher than those for G0-1 rectal bleeding and G0-1 hematuria, respectively, according to Fisher's exact test (4/10 [40%] vs 41/598 [7%], P = 0.004, and 9/47 (19%) vs 36/561 (6%), P = 0.005, respectively).
Discussion
Three phase II trials involving 608 patients with high-risk or very-high-risk PC treated with CIRT combined with LTADT were conducted at NIRS over a 13-year period, and the present study revealed 5-/10-year PCSM rates of 1.5%/4.3%, respectively. Table 4 summarizes the PCSM rates for patients with highrisk PC from previous reports. (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (38) (39) (40) The 10-year PCSM rates after RP and EBRT including IMRT were 5-9% (7) (8) (9) (10) (11) and 8-12%, (13, 39) respectively. The PCSM rate after CIRT Figs S1 and S2) . ‡Primarily luteinizing hormone releasing hormone analogue monotherapy. ADT, androgen deprivation therapy; CAB, combined androgen blockade; CI, confidence interval; fr., fractions; HR, hazard ratio; PPC, percentage of positive biopsy cores; PSA, prostate specific antigen; RBE, relative biological effect. combined with LTADT is comparable to that after RP, although phase III trials will be necessary to directly compare the different treatment modalities. In addition, there were few long-term follow-up results after IMRT at the time of writing. However, Mizowaki et al. demonstrated a favorable PCSM rate (8-year PCSM rate, 3.4%) for T3-4 high-risk PC patients who had undergone high-dose IMRT (78 Gy) combined with neoadjuvant ADT (median duration, 6 months) plus s-ADT if the PSA value was >4 ng/mL, (40) which was comparable with the results of the present study (Table 4 ). There are several common points between their study and ours, including the early use of s-ADT, a mainly Japanese study population, use of neoadjuvant ADT and a high irradiation dose. In fact, some studies have reported that starting s-ADT early contributes to a low PCSM rate. (41, 42) Moreover, other studies have suggested that Asians, including Japanese people, may intrinsically have good PCSM outcomes when ADT is used, although the reasons for this are unclear. (43, 44) These common features may have affected the favorable results regarding PCSM seen in both studies. Table 3 . Adverse effect after carbon-ion radiotherapy among patients with high-risk prostate cancer (N = 608) Cumulative incidence rates of G2-3
Crude incidence number (rates) with the maximum grade Symptoms, n Crude incidence number (rates) at end of follow-up Nonetheless, in the present study, three independent unfavorable factors for PCSM, including T3b disease, GS of 9-10 and PPC >75%, were identified by univariate and multivariate analyses, and patients with all three factors had a significantly higher 10-year PCSM rate (27.1%). This result suggests that the overall PCSM rate in studies of high-risk PC depends on the proportions of patients who have multiple unfavorable factors. In addition, most of the initial recurrence events in the patients who experienced PCSM in the present study were extra-pelvic metastases (17/19, 89%) . Hence, more aggressive systemic treatments may be necessary to improve the PCSM rate for patients with all three unfavorable factors. In a phase III study, Fizazi et al. demonstrated that ADT plus docetaxel-based chemotherapy and estramustine significantly improved relapsefree survival compared with ADT alone in patients with highrisk PC (8-year relapse-free survival, 62 vs 50%; P = 0.017). (45) Furthermore, in a phase I trial combining high-dose IMRT (78 Gy) plus LTADT with dose-escalated concurrent weekly docetaxel for high-risk PC, weekly docetaxel 20 mg/m 2 was determined to be safe, and no biochemical failure was observed over a median follow-up of 2.2 years. (46) These results suggest that CIRT with LTADT and chemotherapy may be a strategy for patients with all three unfavorable factors.
In contrast, of the 301 high-risk PC patients without any of the aforementioned three factors, PCSM occurred in only 1 patient, who had T1cN0M0 disease, an initial PSA level of 9.93 ng/mL, GS of 4 + 4 = 8 and PPC of 20%. This patient developed castration-resistant PC (CRPC) at 6 months and died at 39 months following CIRT; given his initial prognosis, it was difficult to know the progression of his disease prior to CIRT treatment. Nevertheless, the outcomes of high-risk PC patients without any of the three unfavorable factors after CIRT combined with LTADT were very favorable (10-year PCSM rate, 0.3%). Therefore, shortening the ADT duration, for example to 6 months, plus starting s-ADT early, would cause less ADT-related toxicity without increasing the PCSM rate after CIRT for patients without the three unfavorable factors identified in the present study.
With regard to adverse effects, the 5-/10-year rates of G2 or more severe GI and GU toxicities were 1.7%/1.7% and 6.2%/ 11.7%, respectively. The incidence of GI adverse effects after CIRT was lower than that after IMRT (5-year rate G2+ GI toxicities, 4-6%). (47) (48) (49) The low rates of GI adverse effects after CIRT seems to be attributed to the physical advantage of the carbon-ion beam in reducing dose delivery to healthy tissue. In contrast, incidence rates of GU adverse effects after CIRT are considered to be comparable to those after IMRT (5-year rate G2+ GU toxicities, 6-16%). (47) (48) (49) The present study revealed that using anticoagulants or related drugs prior to CIRT was significantly associated with the incidence of G2-3 hematuria as well as that of G2 rectal bleeding. Nevertheless, the relatively high rate of G2+ GU (47/608, 7.7%) observed might have been because of the dose delivered to the urethra, which is difficult to reduce using the passive scattering beam irradiation technique. In contrast, the pencil-beam scanning technique has been used at NIRS since 2011 for the purpose of reducing the dose to healthy tissue, including the bladder neck, (50) which may help alleviate the GU adverse effects. This study has some limitations. First, longer-term follow-up of the patients treated with 57.6 Gy (RBE)/16 fractions is warranted. The biologically effective dose of 57.6 Gy (RBE) for PC was slightly lower than that of 66 Gy (RBE) for PC with an a/b ratio of 1.5-2.0. Nevertheless, 57.6 Gy (RBE), compared with 66 Gy (RBE), afforded significantly better outcomes in terms of the PCSM rate in the present study, which is attributed mainly to the remarkable difference in follow-up time between the groups. Second, the patients in this study were mainly Japanese; the unique interplay between ADT and patient ethnicity may be important. (43, 44) Nevertheless, the 10-year PCSM rate of the 301 patients without any of the unfavorable factors determined in the present study was 0.3%, although patients with not only T3a disease (n = 134, 45%) and a GS8 (n = 109, 36%), which are well-known unfavorable factors, but also a median PSA level of 20 (range 4-150) ng/ mL were included in the favorable high-risk group. These surprising results might be expected under the unique conditions of the present study involving the combination of LTADT, high LET and/or a hypofractionated regimen. International and multinational studies are needed to compare and control for environmental and genetic factors. Third, salvage treatments after BR and treatments for CRPC were not fully determined, although ADT was generally restarted early after BR. Fourth, the results were retrospectively obtained from a single institution. Hence, a multicenter prospective study of fixed dose CIRT combined with ADT for 1-2 years in high-risk PC patients was started in April 2017 in Japan to overcome some limitations of this study and to validate the efficacy of CIRT.
In conclusion, CIRT combined with LTADT for patients with high-risk PC has yielded relatively favorable treatment outcomes similar to previous reports involving RP, with few severe adverse effects. Despite the low PCSM rate, patients with all three factors, T3b disease, GS of 9-10 and PPC >75%, had a significantly unfavorable PCSM rate compared with patients with none of these factors. Thus, a new categorization system taking into account the T stage, GS and PPC and adjustment of the treatment intensity, with inclusion of chemotherapy or a shortened ADT duration, should be considered for high-risk PC patients treated with CIRT.
Supporting Information
Additional Supporting Information may be found online in the supporting information tab for this article: Fig. S1 . Receiver operating characteristic curves for the prostate cancer-specific mortality rate with respect to the prostate-specific antigen level. 
